This paper presents an orbital analysis of six southern single-lined spectroscopic binary systems. The systems selected were shown to have circular or nearly circular orbits (e < 0.1) from earlier published solutions of only moderate precision. The purpose was to obtain high precision orbital solutions in order to investigate the presence of small non-keplerian velocity effects in the data and hence the reality of the small eccentricities found for most of the stars.
INTRODUCTION
This paper presents an analysis of six southern spectroscopic binary stars which have been analysed using high precision radial-velocity measurements derived from the crosscorrelation oféchelle spectra obtained with the Hercules fibre-fed vacuum spectrograph at Mt John Observatory.
The work continues the programme reported by Komonjinda et al. (2011) on single-lined spectroscopic binaries with circular or nearly circular orbits. The data are used to investigate the possibility that small non-keplerian velocities have produced a spurious eccentricity for a binary star with a circularized orbit, as claimed by Lucy (2005) , even for apparent eccentricities as small as e ∼ 0.01. The possible nature of non-keplerian perturbations is discussed in Section 6; in general they can arise whenever the fluxweighted mean radial velocity of the observed hemisphere of a star differs from the star's centre-of-mass radial velocity. Lucy (2005) has shown that such perturbations can in principle be detected by analysing the amplitude and phase of the third harmonic in an harmonic analysis of the velocity variations. In general non-keplerian perturbations, which may affect the second harmonic, cannot be distinguished from an eccentric keplerian orbit. However the amplitude and phase of the third harmonic must be consistent with the second harmonic if the variations are purely keplerian. Given that the keplerian third harmonic goes as e 2 (e is the eccentricity) it follows that stars with circular or nearly circular orbits will have very small keplerian third harmonic terms, which makes it easier to detect a non-keplerian third harmonic. Our strategy is therefore to select bright south-ern late-type SB1 binaries from the literature known to have small eccentricities from earlier publications.
The idea of non-keplerian perturbations of spectroscopic binary velocities is far from new, and both Luyten (1936) and Sterne (1941a) considered the likely spurious eccentricities that would arise. In particular, Sterne (1941a) concluded that the tidal distortion of co-rotating stars could account for this effect, as it could lead to small line asymmetries and hence radial-velocity perturbations. Struve (1950) also suggested that spotted stars rotating synchronously with the orbital motion could result in a similar effect, without giving any quantitative analysis.
The work of Lucy & Sweeney (1971) devised a statistical test for the eccentricities of spectroscopic binaries, and concluded that over 100 of the binary orbits then in the literature with small non-zero eccentricities in reality failed the test, and their orbits were really circular. Following the work of Lucy & Sweeney (1971) , Monet (1979) emphasized the benefit of harmonic analysis by determining the second and higher harmonics in radial velocity curves. He concluded that at least four of the nine early-type binaries that he analysed have circular orbits, in spite of a published eccentricity in one case as high as e = 0.09.
The issue of small eccentricities is re-tackled here, because the collection of much higher precision data is now possible using stable spectrographs and CCD detectors, thus making the detection of apparently significant eccentricities with e < 0.01. By carefully selecting stars known to have nearly circular or circular orbits, we have been able to show that very small non-keplerian effects can indeed be detected at the level of < 10 m s −1 in the third harmonic. The present programme selected six spectroscopic binaries from the Ninth catalogue of spectroscopic binary orbits, S B 9 (Pourbaix et al. 2004) , which contains over 3300 orbital solutions for 2770 binaries. The selection criteria were that the earlier analysis reported an eccentricity e < 0.1, with F, G or K spectral type for the primary star, with a southern declination (δ < 0
• ) and brighter than mV = 8.0. In addition systems with rather long periods (P > 850 d) or very short periods (P < 2.2 d) were also excluded, and three stars with high levels of chromospheric activity and large v sin i were also not included. Only 11 binary systems satisfied all these selection criteria. One additional system, HD 101379 (GT Muscae), which was strangely not listed in S B 9 , but which otherwise satisfies the criteria, was also included in this programme. Its orbit was analysed earlier by Murdoch et al. (1995) . This paper reports the results for six systems (including GT Muscae). Together with those analysed by Komonjinda et al. (2011) this brings the total to 12 systems selected, being all those satisfying the criteria. All are late-type evolved stars. Table 1 lists the six objects selected for observation and analysis in this paper.
OBSERVATIONS AND STATISTICS
The observational part of this research was carried out at Mt John University Observatory (New Zealand) from 2004 October to 2007 August. All observations were carried out on the 1-m McLellan telescope, using the Hercules fibre-fed vacuuméchelle spectrograph (Hearnshaw et al. 2002) . Relevant details of the observing procedure are given by Komonjinda et al. (2011) . For all stars a resolving power of 70 000 was used, except for HD 136905, where R = 41 000 was adopted, as this star is somewhat fainter than the others. A typical signal-to-noise ratio of ∼ 100 : 1 was obtained for our spectra in a pixel-column.
The Hercules detector mainly used was a SITe SI 003 1024×1024 thinned CCD chip with 24-micron square pixels. (In Komonjinda et al. (2011) this was incorrectly given as 23-micron pixels.) This chip cannot cover all the focal plane area of the dispersed spectrum, but was positioned so as to cover 46 orders from 457 to 722 nm (orders 79 to 124). Later in 2006, the detector for Hercules was changed to a Spectral Instruments camera with a Fairchild 486 CCD which has 4096×4096 15-micron square pixels. This was only used for two runs in 2007 August.
DATA REDUCTION AND RADIAL-VELOCITY DETERMINATION
All the spectra obtained were reduced using the Hercules Reduction Software Package, HRSP version 2.3 (Skuljan 2003) . This software is a C program running under Linux. The dispersion solution was obtained from two thorium-argon lamp spectra, recorded immediately before and after each stellar spectrum. About 400 Th or Ar lines were used. Further details are given by Komonjinda et al. (2011) . All radial velocities were determined by cross correlation for the 30échelle orders used, using one chosen spectrum of the same star as a template relative to which all other spectra of that star were measured, and following the Fourier cross-correlation techniques pioneered by Simkin (1974) for digital spectra. In particular, the cross-correlation was performed in ln λ space after subtracting the mean flux from each spectrum and applying a cosine bell to the ends of the data window. The position of the cross-correlation function (CCF) peak was determined by means of a gaussian least squares fit, typically using eight consecutive data points spanning the peak.
ORBIT ANALYSIS FROM RADIAL VELOCITIES
The six orbital elements of a particular binary system, K (radial-velocity semi-amplitude), e (orbital eccentricity), ω (longitude of periastron), T0 (time of zero mean longitude), P (period) and γ (the centre-of-mass radial velocity), can be determined from a set of n observations of radial velocity V rad (t). The best values of these elements can be found following an iterative least-squares analysis involving differential corrections, based on the method of Lehmann-Filhés (1894) . Data points lying more than 3σ from the fitted solution have been rejected and the remaining points then used for a second solution; rejected points are still plotted in the figures and they appear in the tables of measured radial velocities.
Here we use a software package SpecBin written by J. Skuljan (Skuljan et al. 2004 ). Since the orbits here are close to being circular, the variation of the Lehmann-Filhés procedure described by Sterne (1941b) was adopted, unless otherwise stated. This makes use of the time of zero mean longitude (T0) instead of the poorly determined time of periastron passage (T ). The mean longitude is given by L = 2π(t − T )/P + ω and hence the time when L is zero is T0 = T − ωP/2π. In fact, for one star there is a welldetermined non-zero eccentricity (HD 194215) , so for this star we were able reliably to determine the time of periastron passage, and hence we used that time for the phase zero-point. Since our radial velocities are relative to a template observation of the same star, our orbital solutions quote γ rel . In addition our solutions from Hercules data give an absolute centre-of-mass velocity, γ, of lower accuracy, based on cross-correlating the template with a standard star. Further details of SpecBin and the process of estimating the error bars in the orbital elements are discussed by Skuljan et al. (2004) .
We have also used SpecBin to reanalyse the historical data for the stars in the literature. This has allowed us to compare T0 values from the historical data with those from our data, and hence to derive better periods (for four of the stars) than from either data set alone, using the long time base line.
RESULTS OF THE ANALYSIS FOR INDIVIDUAL STARS
In this section the results of the orbital analysis of each of the binary systems are presented.
HD 77258
The bright star HD 77258 (w Velorum, HR 3591) was first observed to have a variation in radial velocity by H.K. Palmer, as reported in the Lick Observatory Bulletin in 1904 (Wright 1904) . The spectral type was classified as F8IV by de Vaucouleurs (1957) , but it is given as G8-K1III+A in the Michigan Spectral Catalogue (Houk 1982) . The Hipparcos photometry of HD 77258 shows that no detectable light variation was present. The parallax of this system in the Hipparcos main catalogue is 16.19 ± 0.53 mas, which implies a distance of 61.8 ± 2.0 pc. The absolute magnitude is MV = +0.50, supporting the giant luminosity class. Lunt (1919) Lunt (1924) .
The Hercules radial velocities for HD 77258 were measured from 101 spectra and are given in Table 11 . The orbital solution found has an rms scatter of 19 m s −1 , which is comparable with the lowest scatter in radial velocities for sharp-lined stars observed with Hercules.
The orbital parameters are presented in Table 2 . Figure 1 is a plot of these radial velocities as a function of (a) orbital phase and (b) Julian Date. The orbital phase is calculated from the period of 74.13715 days and the zero phase is defined by T0 = JD 245 3625.5112 ± 0.0017, the time of zero mean longitude.
The period calculated from T0 from the combined data of Lunt (1924) and from the Hercules data isP = 74.1368 ± 0.0023 days. This period has a lower precision than the period that was calculated from the Hercules data alone (in spite of about eight decades of baseline between the two times of data collection). Table 2 also shows the solution with the period fixed using the combined data set; it differs negligibly from the solution from Hercules data alone. . 002. In other words the intrinsic variability is about ten times larger than the standard error of photometric measurement. Luyten (1936) collected 56 radial-velocity observations of HD 85622 from the papers by Lunt (1919) and Jones (1928) . He adopted a circular orbit for this system with an rms residual of 1.4 km s −1 . Eighty-six radial velocities were measured from the Hercules spectra obtained. It was found that the calculated eccentricity has a large error bar, e = 0.0026±0.0016. A circular orbit should therefore be adopted from these data with a precision of 61 m s −1 . These two solutions, with the eccentricity floating or fixed to zero, can be compared in Table  3 .
The radial velocities of this system and the residuals for the circular orbital solution are plotted versus orbital phase in Fig. 2 (a) and versus Julian date in Fig. 2(b) . The zero phase is at the time T0 = JD 245 3860.281 ± 0.074. 
0.07540 ± 0.00025 0.07532 ± 0.00023 (1990) reported the separation between the two components as 0.23 arcsec from speckle interferometry. The spectral types of the stars in this system have been classified by many authors. Houk & Cowley (1975) have classified HD 101379 as G5/G8III and HD 101380 as A0/1V. Collier (1982) determined the spectral types of HD 101379 as K4III and of the components of the eclipsing system as A0V and A2V from his photometric analysis.
The RS CVn-type system HD 101379 shows a strong CaII H and K emission and a variable Hα line ).
An analysis of GT Mus spectra was done by Murdoch et al. (1995) . In that paper, the orbital solution of the system HD 101379 was analysed from the 17 spectra that were obtained from the MJUO's Cassegrainéchelle spectrograph linked with the McLellan 1-m telescope, which were combined with other radial velocities reported by Balona (1987 ), Collier Cameron (1987 and MacQueen (1986) .
In this study, 76 high resolution spectra of GT Mus at a wavelength 450-720 nm were obtained from the Hercules spectrograph. These spectra, which are dominated by HD 101379, were obtained over a period of two years ( October -2006 June) with a signal-to-noise ratio of typically 70. Relative radial velocities of these spectra were calculated using the cross-correlation technique with a template spectrum. These relative radial velocities of HD 101379 can be converted into absolute radial velocities using the relative radial velocity of the template spectrum with respect to a standard star spectrum. The spectrum of the standard star HD 109379 (G5II) was used for this purpose. The relative radial velocity of the template with respect to this standard star is 21.110 ± 0.024 km s −1 . The standard star absolute velocity is −7.246 ± 0.024 km s −1 , as obtained by Ramm (2004) .
The orbital solution was calculated using the above radial velocities. The solution, as in Table 4 , has an rms of 518 m s −1 . This is three times larger than the precision of the Murdoch et al. (1995) radial velocities, for the reasons discussed below. Table 5 .
The orbital solutions from both data sets do not change dramatically, except the longitude of periastron ω and the systemic radial velocity γ. The value of ω changed from 175
• .3 ± 6
• .9 to 61
• .8 ± 2
• .1 and the value of γ changed from 1.723 ± 0.035 to 0.287 ± 0.26 km s −1 . These changes result respectively from the apsidal motion of HD 101379 caused by its companion system, HD 101380, and by the orbital motion of the visual pair around the centre of mass of the GT Mus quadruple system.
To improve the solution, the historical radial velocities were analysed together with Hercules radial velocities. The radial velocities of HD 101379 were observed and reported by several observers using different instruments. These in- 
0.01383 ± 0.00010 0.01304 ± 0.00006 clude MacQueen (1986 ), Collier Cameron (1987 and Murdoch et al. (1995) . The other observations of HD 101379 that are included in this analysis are from Balona (1987) . The data from MacQueen (1986) could not be combined into this analysis, as his radial velocities showed an orbital period of around 54 days. The orbital solutions were calculated from all the other data sets. The systemic radial velocities, γ, and times of zero mean longitude, T0, of each data set are shown here in Table 6 . These γ values decrease during 30 years of observation. The orbital period of HD 101379 around the centre-of-mass of GT Mus cannot be calculated from these few data points. From the Hipparcos catalogue, the parallax is 5.81 ± 0.64 mas and the separation between the two stars is 0.217 ± 0.004 arcsec. The latter value is consistent with the interferometric measurement of McAlister et al. (1990) . The HIP astrometry also measured the changing rate of the position angle between the two systems as dθ/dt = 3
• .0 per year. This information gave a lower limit of the total system mass as 3.6M ⊙ . This value is about a half of the total mass calculated from the components' spectral types of G5III, M dwarf, A0V and A2V stars, of 7.4M ⊙ .
The radial velocities from each data set were shifted to the zero point of γ. The final orbital solution was calculated from a data set containing all relative velocities with the data weighted in the ratio Balona:Collier Cameron:Murdoch:this work 0.02:0.08:0.7:1.0 in accordance with the calculated rms scatter of each data set solution. The period of a solution from these combined data was 61.4370 ± 0.0012 days with an rms residual of 380 m s −1 . This orbital solution is shown in Table 4 . Thus this orbital solution gives a higher precision for the period.
HD 124425
The solar neighbourhood star HD 124425 (HR 5317) is a short period spectroscopic binary (P ≈ 2.69 days). It was found to have a variation in its radial velocity by A.M. Brayton in early 1920 using Mt Wilson 60-inch telescope spectra (Duncan 1921 Mayor & Mazeh (1987) with the CORAVEL radial-velocity scanner at HauteProvence Observatory between 1980 and 1982. They analysed 16 radial velocities with an assumed circular orbit and a fixed orbital period.
In this research, 64 Hercules spectra of HD 124425 were obtained. Table 7 is the orbital solution from these velocities, analysed using SpecBin. A very small and marginally significant eccentricity was obtained (e = 0.00260±0.00099). These radial velocities are plotted versus orbital phase in Fig. 4(a) and versus Julian Date in Fig. 4(b) . The time of zero mean longitude in Table 7 (T0 = 245 3800.308 08) was used for the zero point of phase. The lower panels of these figures show the residuals from the fitted solution. The rms residual velocity is 121 m s −1 . In order to get a higher precision for the orbital period, the number of orbital cycles was calculated to be Nc = 11 515 from the difference in T0 of the recalculated solution of Duncan (1921) and the above Hercules solution. This gaveP = 2.697 0220 ± 0.000 0024 or a precision of 0.2 second. This is half of the error in the orbital period of Mayor & Mazeh (1987), which they calculated in the same way. The orbital solution was recalculated with this fixedP and is also shown in Table 7 . 
HD 136905
The binary star HD 136905 (GX Librae) is an ellipsoidal variable with an active K giant. The star was first reported to have H and K emission by Bidelman & MacConnell (1973) . They classified the star as a K1III+F system with the remark that the emission was uncertain. Burke et al. (1982) concluded from their spectroscopic and U BV photometric observations that this system is an RS CVn-type binary of spectral type K0III-IV and with a moderate emission at H and K. Fekel et al. (1985) reported moderate strength Ca II H and K and ultraviolet emission features and a strong Hα absorption. They suggested that HD 136905 is an ellipsoidal variable, as their light curve showed a frequency of twice the orbital frequency. They also found that the light curve has a variable amplitude and suggested that this could be the result of spot activity.
The Hipparcos photometry indicated that HD 136905 has an 11.12-day periodic variability of semi-amplitude about 0 m . 1. These variations are synchronous with the orbital period and therefore suggest the spot wave of a tidally locked co-rotating active chromosphere star. The Hp magnitude (observed 1989-93) as well as the V magnitude observed from Mt John photoelectric photometry (observed 2004-07) are plotted in Fig. 5 . The shapes of the curves differ somewhat, and the semi-amplitude of the Mt John data is about 0 m . 05, which is comparable with the result of Kaye et al. (1995) .
Previous studies of the orbit of this system were by Fekel et al. (1985) , by Balona (1987) and by Kaye et al. (1995) . All these authors obtained circular orbits from data of only moderate precision.
Our observations with Hercules resulted in 42 spectra of HD 136905 with a resolving power of 41 000. The orbital solution is shown in Table 8 . The plot of the radial-velocity curve from this solution is shown in Fig. 6 versus (a) orbital phase and (b) Julian date. The orbital phase is calculated from the period of an eccentric solution and we define the time of zero phase as T0 = JD 245 3599.1743 ± 0.0055. The rms scatter is 326 m s −1 , which is high, as can be expected for an ellipsoidal RS CVn-type binary system.
The long time span between the historical data-set and the recent Hercules spectra allows us to determine the orbital period of this system with a higher precision. The orbital period calculated from the T0 values of the eccentric solutions of Kaye et al. (1995) and from Hercules data is P = 11.134 396 ± 0.000 031 days (an uncertainty of ±2.7 s). However the orbital solution using this more precise pe- (Table 8) .
riod differs negligibly from that derived from Hercules data alone, as seen from Table 8 . 
HD 194215
HD 194215 (HR 7801) is a single-lined spectroscopic binary system for which the primary has been variously classified as K0 (in the HD Catalogue), K3V (Buscombe 1962 ) and G8II/III (Houk 1982) . The Hipparcos parallax of 6.50 ± 0.78 mas gives MV = −0.10 ± 0.26, so the primary star is clearly a giant. Buscombe & Morris (1958) noted that the radial velocity was variable. However, there is no evidence of a −8.14 ± 0.14 # obs 97 # rej 1 σ (km s −1 ) 0.047 a 1 sin i (×10 7 km) 7.2210 ± 0.0063
0.10676 ± 0.00018 photometric variation from the Hipparcos photometry, the Hipparcos magnitude being Hp = 6.0227 ± 0.0006. Bopp et al. (1970) measured 28 radial velocities of this system and analysed its orbit. The solution found is an eccentric orbit with e = 0.0687 ± 0.0138 and P = 377.60 ± 0.25 days. The rms scatter of their measurement is given as 2.2594 km s −1 (so many digits seem unnecessary!). Their data were reanalysed using SpecBin and it was found that the orbital solution was significantly different from the published solution, especially for the orbital period. It is possible that the solution or data reported by Bopp et al. (1970) contains a typographical or computational error, especially as their quoted value of T lies far outside the time range of the observations.
In total, we have obtained 97 Hercules spectra of HD 194215. An eccentric orbital solution was calculated from the radial velocities measured from these spectra. This solution is shown in Table 9 . The radial velocities are shown in Fig. 7 plotted versus (a) orbital phase and (b) Julian date. This eccentric solution has an rms scatter of the fit of 47 m s −1 . The time of periastron passage is T = JD 245 3918.52 ± 0.65. For this star, we have chosen the zero point for phase to be the time of periastron.
THE REALITY OF SMALL DETECTED ECCENTRICITIES
In this section we analyse the reality of the small eccentricities found for the 12 stars discussed in this paper and by Komonjinda et al. (2011) . The tests used are those described by Lucy (2005) and also by Lucy & Sweeney (1971) . The first Lucy test calculates the probability (p1) that the star really has a circular orbit, but by chance the data show a small eccentricity, shown by a second harmonic in the velocity curve. If p1 < 0.05, the eccentricity found is deemed to be significant. However, the possibility remains that the second harmonic may be caused by a non-keplerian perturbation. If the data indicate a keplerian eccentric orbit, then the third harmonic must have the amplitude and phase which are consistent with the observed second harmonic. As pointed out by Lucy (2005) , the components of the keplerian third harmonic are C3 cos 3L = 9 8
Ke 2 cos 2ω cos 3L and S3 sin 3L = 9 8
Ke 2 sin 2ω sin 3L, where L = 2π(t − T )/P + ω is the mean longitude. These compare with the generally much larger keplerian second harmonic components of C2 cos 2L = Ke cos ω cos 2L and S2 sin 2L = Ke sin ω sin 2L.
The second Lucy test is to add a non-keplerian third harmonic perturbation to the eccentric keplerian orbit VK so that the observed velocities become V obs = VK + ∆C3 cos 3L + ∆S3 sin 3L. The observed estimate of the amplitude of the non-keplerian perturbation is designated as δ3 = (δC3, δS3). The probability p2 measures the probability that the data indicate a perturbation by chance, even though a purely keplerian eccentric orbit is being followed. If p2 < 0.05, then the perturbation is deemed to be real; a larger value indicates a keplerian orbit.
Lucy (2005) has proposed two further tests. The third is to find the probability (q1) that no keplerian third harmonic has been detected, and the fourth is to find the probability (q2) that no third harmonic, whether keplerian or from a perturbation, has been detected. Lucy defines the parameter p3 as the larger of q1 and q2 and uses the parameters p2, p3 to divide the stars into four classes:
class A p2 > 0.05; p3 < 0.05 An unperturbed keplerian eccentric orbit is strongly supported.
class B p2 < 0.05; p3 < 0.05 An eccentric orbit has some support. However, a perturbation is detected, so the orbital elements are in doubt. class C p2 > 0.05; p3 > 0.05 The eccentricity is not strongly supported. Although no perturbation in the third harmonic is detected, no keplerian third harmonic is detected either. The second harmonic may arise from a perturbation or a small eccentricity.
class D p2 < 0.05; p3 > 0.05 An eccentric keplerian orbit is in doubt. The keplerian third harmonic is not detected, but a third harmonic arising from a perturbation is detected, as shown by its amplitude and phase.
The results of all these tests are shown in Table 10 . In this table the probabilities in column 2 are defined by Lucy (2005) . In column 3, (C2, S2) are the components of the second harmonic derived from a keplerian fit. In column 4, (δC3, δS3) are the amplitudes of the orthogonal components of the non-keplerian perturbation obtained from our Hercules data. Column 5 gives the expected keplerian third harmonic amplitude calculated from our orbital elements. The eccentricity (possibly spurious) from a fitted keplerian orbit is in column 6. The last column is self-explanatory.
In summary, the results are as follows: four stars (HD 22905, HD 38099, HD 85622 and HD 101379) show p1 > 0.05 so for these there is no reason to invoke a non-circular orbit. We conclude that the small eccentricities reported in the earlier literature are spurious. Nevertheless, for completeness, we have applied all the Lucy tests to all the stars, as even for these stars, a perturbation third harmonic could in principle be detected.
We find one of the 12 stars, HD 194215, to be in class A. No perturbation is detected for this star, and a fairly large non-zero eccentricity (e = 0.1233 ± 0.0001) is clearly present, even though Bopp et al. (1970) had earlier reported a smaller value (e = 0.06 ± 0.01).
We find none of our stars to be in Lucy class B. Five are in class C, where neither a keplerian third harmonic nor a perturbation third harmonic is detected, and six are in class D, where no keplerian third harmonic is detected, but a perturbation third harmonic is clearly seen. We can conclude that all the class D stars are affected by non-keplerian perturbations and probably have circular orbits. It is also possible that the class C stars also have circular orbits. We note that the keplerian third harmonics are nearly all predicted to have very small amplitudes, of the order of 1 ms −1 in most cases, except for HD 194215, where it is a large 241 ms −1 . It is not surprising therefore that the keplerian third harmonics have been undetectable (with one exception) using our data with a typical precision per observation of about 10 ms −1 in the best cases. On the other hand, the observed non-keplerian perturbation amplitudes of the third harmonic are occasionally quite large; for example 67 ms Table 10 . In all these cases, our data are readily able to detect such third harmonic perturbations.
For the Class D stars, as these are presumed to have circular orbits, the second harmonic must then arise entirely from non-keplerian effects, and this is commonly several hundred ms −1 . For the class C stars, the second harmonic may contain both keplerian and non-keplerian velocities.
POSSIBLE CAUSES OF NON-KEPLERIAN VELOCITY PERTURBATIONS
It is interesting to consider the possible causes for nonkeplerian perturbations. The most likely cause, originally suggested by Struve (1950) , is starspots on a rotating star, which render the surface brightness of the visible hemisphere non-uniform and lead to rotational modulation of the observed radial velocity. Even for the Sun, which has an equatorial rotational velocity of about 2 km s −1 , a small number of starspots can easily perturb the mean velocity that would be observed for the visible hemisphere by several ms −1 . Given that our stars are giants and typically ten times larger than the Sun in radius, this magnifies the susceptibility of spots to perturb the observed radial velocity (for a given rotation period). Moreover, several stars in our list are known to be chromospherically active (HD 9053, HD 50337, HD 136905, HD 101379), so these probably have starspots.
We also note that another star (ζ TrA) that we had earlier analysed, also showed a small eccentricity (e = 0.0140 ± 0.0002) (Skuljan et al. 2004 ) from our Hercules data. This star was subsequently shown by Lucy (2005) to be in class D, that is with no significant keplerian third harmonic but a significant perturbation third harmonic. We subsequently did tests with the Wilson-Devinney code (Wilson & Devinney 1971) to model the effect of starspots on the observed radial velocity curve assuming a truly circular orbit. It was a simple matter to obtain spurious eccentricities comparable to those observed for ζ TrA by assuming a co-rotating model with a group of spots at about the same longitude and near the equator covering 12 per cent of the surface and with ∆T ∼ 1000 K (Komonjinda et al. 2006) , or alternatively by adopting a model with two groups of spots each covering 8 per cent of the star's surface area. For the class C and D stars in this paper and in Komonjinda et al. (2011) the eccentricities found range up to e = 0.03 for HD 9053, but the values are mainly less than e = 0.01, so we presume that spots can rather easily perturb the radial-velocity data to produce spurious eccentricities of this order.
Another possibility is that non-spherical tidally distorted stars with significant gravity darkening can also, as a result of their variation in surface brightness over the visible part of the surface, contribute to velocity perturbations, as discussed in some detail by Sterne (1941a) . We consider this less likely for our sample of stars, because they mainly have orbital periods of several months to a year. Only HD 124425 has an orbital period of less than 10 days and is therefore likely to be more affected by tidal distortion caused by the secondary star. But even here, this is a Lucy class C star for which no perturbation third harmonic was detected. However, two stars we have observed are known to show ellipsoidal light variations, notably HD 136905, and possibly also HD 38099.
A third possibility is that the underlying secondary star spectrum has distorted our measurements of the radial velocity of the primary of our SB1 systems. We have not attempted to model this effect, but note that our stars all have giant, or even supergiant, primaries. It is likely that a common situation is a G or K giant primary with an M dwarf secondary, possibly as much as ten magnitudes fainter, given the large preponderance of M dwarfs in stellar statistics. Nevertheless three of our stars are thought to have F (HD 50337, HD 77258) . We acknowledge that if the visual luminosity of the secondary just happens to lie at more than two but less than four magnitudes below the primary, then it might have a disturbing effect on the primary star's velocity measurements. We expect that secondaries at less than two magnitudes below the primary would have been detected and the system would have been classified as SB2, while those at more than four magnitudes, which is probably the case for the great majority of our stars, would have been too faint to cause a problem, as the secondary star's spectrum would be comparable to or less than the photon noise in the recorded spectrum. The secondary spectrum in principle has the possibility of perturbing the measured velocities for almost any method of measuring Doppler shifts, whether by cross-correlation or some other technique. The perturbation would depend not only on the magnitude difference of the two stars, but also on the spectral type and radial velocity difference.
Although any of these processes may be the source of non-keplerian velocities, starspots and chromospheric activity remain the most likely explanation, especially in view of the fact noted that the most chromospherically active stars in our sample have the largest velocity perturbations.
CONCLUSION
We have analysed the orbits of six single-lined spectroscopic binary systems with nearly circular orbits, using high precision radial-velocity data from the Hercules fibre-fed vacuum spectrograph at Mt John Observatory. We have paid especial attention to obtaining precise (i.e. small random errors) values of the eccentricity by fitting keplerian orbits by the least squares method to the data points.
We have combined the results of the orbital analyses in this paper with six further SB1 orbits analysed by Komonjinda et al. (2011) .
Our results show that only for one star (HD 194215 ) is there a clear and unequivocal orbital eccentricity detected (e = 0.1233 ± 0.0001). For four stars (HD 22905, HD 38099, HD 85622 and HD 101379) our analysis of the data show that a circular orbit is the preferred solution. For six stars we find clear evidence of small systematic perturbations in the measured radial velocities which have produced spurious values of the eccentricity. These spurious eccentricities are mainly below e = 0.01, but in one case it is as high as e = 0.03 (HD 9053) and in another case it is e = 0.02 (HD 352). Our analysis also gives quantitative estimates of the perturbation in second and third harmonics; values as small as 10 m s −1 can be detected, and values over 300 m s −1 can occur in moderately active stars.
Our overall conclusion is therefore that no matter how precise or numerous the radial-velocity data may be, conventional methods of velocity determination, such as by crosscorrelation, lead to unavoidable systematic errors in the velocities, which are not random but depend on the phase, and which may amount to a few tens of ms −1 to a few hundreds of ms −1 in some cases. Therefore it is likely that the great majority of late-type giant spectroscopic binary orbital eccentricities cannot be trusted to an accuracy of better than a few times 0.01 in e. The only way to overcome this problem would be much more careful modelling of effects such as starspots, taking into account their distribution on the stellar surface and effect on line profiles through Doppler imaging. Our analysis measures the non-keplerian harmonics of circularized orbits at the 10 ms −1 level for the first time, and demonstrates that circularization even to better than e = 0.01 has been achieved for many of the stars in our sample.
This project had at its inception the goal of investigating very small reported eccentricities (e 0.05) using the best high quality spectra from a high-dispersion vacuum fibre-fedéchelle spectrograph, and possibly further to investigate whether complete circularization had been achieved at the e = 0.01 level. Instead we have found that unavoidable systematic effects have hampered that line of investigation, but nevertheless this has led to new results of interest on the ability of spectroscopic data to determine the orbital eccentricity in binary stars and to quantify non-keplerian velocity perturbations. 
